Layer specific optical band gap measurement at nanoscale in MoS2 and ReS2 van der Waals compounds by high resolution electron energy loss spectroscopy
The upsurge in the popularity of two-dimensional (2D) materials with the emergence of graphene 1 in recent years has at the same time rejuvenated van der Waals (VDW) epitaxy, a materials growth technique invented almost 30 years ago, 2 which could yield layered materials with great crystallinity. The relatively weak VDW interaction between the film and substrate enables a broader choice of film candidates 3 and easier film transfer process, 4 making itself a good complement to the conventional chemical epitaxy. However, such weak interaction also limits the further exploration of its substrate-film coupling effect, whereas in the case of chemical epitaxy accomplished by various techniques including hot wall vacuum methods, 5, 6 the strain resulting from the registration of the film to the substrate could bring about controllable modification in the film properties including the change of band gap, 7, 8 the adjustment of electronic band structure, 9 ,10 the enhancement of the electron/hole mobility, 11 the modification of catalytic activity and ionic conductivity, 12 thermodynamic ferroelectric/ferromagnetic phase change, 13, 14 insulator-metal transition in strongly correlated oxides, 15 and even superconducting phase transition. 16, 17 For most of the 2D materials, such as graphene, h-BN, and transition metal dichalcogenides currently involved in the VDW epitaxy, the film itself usually has an increasingly high Young's modulus [18] [19] [20] that leaves the VDW interaction at the interface a negligible effect on straining the film and modifying its electrical and optical properties. However, given a material soft enough, will a signification strain engineering be possible via VDW interfacial interaction? Lead iodide (PbI 2 ), among other 2D materials, is extremely soft (E ¼ 17 GPa), 21 more than two orders lower than that of graphene (E ¼ 2000 GPa). 18 Meanwhile, heavy atoms like Pb and I render an enhanced VDW interaction. Both make it an ideal candidate to study VDW epitaxy on strain engineering. Finally, PbI 2 itself has potential application prospects as radiation detectors 22 and lasers. 23 A possible manipulation of its optical property via the VDW epitaxy could be especially beneficial. Understanding the role of VDW interaction on soft inorganic materials would help to shed light on manipulating the electrical, magnetic, and optical properties of 2D materials in future.
Here, in this letter, we report the observation of the VDW epitaxy induced remarkable photoluminescence (PL) change in PbI 2 flakes grown on muscovite mica substrates. The as-grown flakes exhibit a blue shift of PL peak with decreasing thickness and increasing substrate-film coupling effect. The tunable PL is in good agreement with the proposed model on strain-induced band gap shifting. Further bending test and Raman spectroscopy characterization are conducted as sound evidence to our hypothesis. Our discovery shows that a weak VDW epitaxial interface could have substantial impacts on the optical properties of the thin film material which is soft enough.
The PbI 2 flakes were synthesized via Chemical Vapor Deposition (CVD) method through a single source evaporation process. Detailed growth conditions and characterization setups could be found from the supplementary material. 24 Figure 1(a) shows the morphology of the PbI 2 flakes after growth. They present themselves as well aligned triangles or truncated triangles with the size of a tens of microns and sharp edges, indicating good crystallinity. The two insets of Figure 1 and red (e), and finally almost transparent (f) and so does the thicknesses from 90 nm to 400 nm as marked in the images. The thickness is confirmed by subsequent AFM characterization where the AFM image of the180 nm-thick flake was shown in Figure 1 (g). We may notice some layered feature is present at the edge of the flake, which is consistent with the optical image of Figure 1 (e) and the nature of PbI 2 crystal. As the thickness continues to increase, the crystal adopts a wedding-cake growth model 17 where different flakes pile up without the presence of screw dislocations, as shown in the AFM image in Figure 1 (h) where the overall thickness reaches 1 lm. The structural information is further revealed by TEM diffraction patterns. Figure 1(i) shows the diffraction pattern of the mica substrate with [001] as zone axis (ZA), a pseudo hexagonal lattice 26 with a lattice constant of a ¼ 5.19 Å and b ¼ 9.04 Å . Figure 1(j) shows the low magnification TEM image of one PbI 2 flake transferred onto a TEM grid, whose diffraction pattern is shown in Figure 1(k) . The first set of patterns proves to be {33 60} of PbI 2 with ZA [0001] . From the alignment of the TEM image and the diffraction pattern, the facets of the flakes prove to be {10 10}, which is again in agreement with the surface free energy argument. Crystallographic analysis by combining both optical images (by which we know the orientations of both mica and film) and structural data (by which we conclude the respective parallel planes between mica and film) confirms the epitaxial growth.
PL characterization was performed at room temperature on the PbI 2 flakes investigated in Figure 1 . PbI 2 is a direct band gap material with a band gap between 2.3 and 2.4 eV (Ref. 27 ) and a green luminescence. As the film thickness far exceeds a few layers and taking into consideration the single crystalline, high-temperature growth features, we may well rule out the possibility of quantum confinement, the grain size, and defected induced PL shift. We propose that it is the VDW epitaxy and the resultant substrate-film coupling effect that dictates the shifting of the PL peaks. According to Figure 1 , we show the proposed epitaxial relationship with the blue sphere as the mica (M) lattice and the green square as the PbI 2 (P) lattice in Figure 3 (a). While we still use the conventional monoclinic indexing for mica lattice, the pseudo hexagonal lattice on the To investigate quantitatively how the strain may manipulate the shift of band gap and thereafter the PL peak, deformation potential theory is applied. Shockley and Bardeen proposed in 1950s 28 a deformation potential theory that related the hydrostatic strain with the change of band gap through a coefficient named deformation potential. According to them, the shift in band gap in a non-polar crystal would be a sum of the valence and conduction band shift and could be approximated as
where E 1C and E 1V are the deformation potentials of the conduction and valence band, respectively, and E 1g is the potential of the band gap. The theory was first used for the study of mobility of semiconductors and later applied with fairly good success in the strain engineering of epitaxial film with biaxial strain. 29 The deformation potential parameter of PbI 2 has been studied earlier from its mobility data 30 that showed a value from 5 to 9 eV, which is in a great consistency with a recent first-principle simulation on monolayer PbI 2 .
31 Figure 3(b) shows the surface plot of the change of band gap of PbI 2 in terms of different values of e x and e y and a deformation potential of 7 eV from Eq. (1). The Poisson ratio of PbI 2 is taken as 0.3 according to the previous literature. 32 As expected, the compressive strain increases the band gap which is consistent with the shifting direction of PL peaks.
Thin film mechanics analysis is conducted to take into account the quantitative effect of thickness on the straining of PbI 2 . For conventional chemical epitaxy where commensurate growth is usually observed, van der Merwe and Matthews 33, 34 successfully predicted the thickness dependent strain in epitaxial film by considering the generation of misfit dislocations. According to them, a critical thickness of the film is reached when energetically it is more favored to generate dislocation at the interface to relax the misfit strain and therefore the strain energy. Upon reaching the critical thickness, the relaxation of the strain is found to be
where G int and G f ilm denotes the shear modulus at the interface and of the film, b is the Burgers vector of the misfit dislocation, h is the film thickness, and t is the Poisson's ratio of film. Here, the absolute value of G int reflects whether it is a strongly covalent interface or a weakly bonded VDW interface. In the case of PbI 2 , from the proposed lattice mismatch and the Matthews criterion of critical thickness, such thickness value is only a few nanometers and all the films observed previously should fall into the region where strain is partially relaxed. With combination of the deformation potential theory, we plot the change of band gap with the inverse of thickness shown as the yellow curve in Figure 3 (c). The curve is plotted under the condition that
which is certainly an overestimation since the bonding strength at the interface should be lower than that of the film. However, even with the overestimation, the curve still deviates far away from the experimental data, indicating a much higher strain level in the film.
According to above analysis, Matthews theory fails to explain the observed phenomenon quantitatively. First, the Matthews theory was developed originally to apply for an epitaxy with accurate lattice registration (commensurate growth). But in the case of VDW epitaxy, such prerequisite is not necessarily satisfied and indeed incommensurate growth of ZnO nanowires on mica has been recently observed, 35 where a substantial strain of $1% is observed in ZnO. Second, Matthews theory only deals with the thermodynamic case. However, practically, nucleation and propagation barrier of misfit dislocation act as even more pronounced role in determining strain and critical thickness of thin films. Such scenario is commonly observed in the literature where critical thickness far exceeds the Matthews limit. 36 By taking into account these considerations and for a first-order approximation, in this analysis, the pseudomorphic thickness of the epitaxial growth is applied, which reaches maximum when the strain energy completely balances out the energy gain from the substratefilm interaction. The strain energy per unit volume with a unit of GPa is a function of the biaxial strain and varies as 37
where s 11 and s 12 are the components of the compliance matrix that can be evaluated by their stiffness counterparts available from the earlier study. 32 The substrate-film interaction per unit area, which is VDW in nature, on the other hand, can be approximated as
where E int denotes the interaction between a pair of lattice points at the substrate and film and A is the area of the basal plane of the unit cell. Therefore, the pseudomorphic thickness can be estimated as
where q ¼ 1:6 Â 10 À19 is the charge of an electron and E int in eV. As the overall thickness of the film h exceeds h 0 , we approximate the strain relaxation process from the overall energy consideration similar to what Matthews has done. The strain e would vary with the thickness of the film h such that the interfacial energy benefit always balances out the total strain energy, i.e., e ¼ ½U VDW Â ðs 11 þ s 12 Þ=h 1=2 ;
and therefore the strain would have a $h À0:5 dependence on the overall thickness. Figure 3(c) plots the change of the band gap as the inverse of film thickness varies from 10 to 600 nm at three different E int values: (1) 0.1 eV that is commonly found to be the value of unstrained two VDW layers lacking epitaxial registration, 38 (2) 0.5 eV that is a typical value for the adsorption energy of heavy metal atoms on VDW substrates, 38 and (3) 1 eV resembling that of the weak chemical bonds. The experimentally obtained data are also marked on the graph. The plateaus in the three computed curves indicate the threshold thickness when the maximum band gap change is reached. From the plot, we may see that the experimental data fall within the region of 0.5 eV < E int < 1 eV, suggesting a large VDW interaction. The two data points higher than the "plateau" value may possibly suggest a higher deformation potential value. In addition, the mismatch between the experimental data and Matthew theory suggests the growth may follow incommensurate VDW epitaxy rather than commensurate VDW growth.
To further confirm the cause of the PL peak shift and the existence of VDW strain, bending test and Raman characterization are carried out, respectively. Figure 4(a) shows schematically the setup of the bending test where a single PbI 2 flake was transferred onto a thick polydimethylsiloxane (PDMS) stamp (10 mm long and 1.5 mm thick). Part of the stamp close to the PbI 2 flake was clamped, while a micromanipulation probe was controlled manually to press and lift the other free end so as to create a uniaxial tensile (compressive) strain. All the manipulation was done on the optical microscope where the PL change caused by the strain can be recorded. Under such setup, the maximum strain exerted on the flake, with its lateral size and thickness neglected, would be 39
where b and l are the thickness and length of the beam and h is the bending angle just close to the clamped side. neutral state, the PL peak positions at 536 nm, with some red shift compared with the one in Figure 2 (a) with similar thickness. This very likely implies that when the film is transferred, the VDW strain is more or less relaxed that makes the band gap shift towards the original value. The compressive and tensile strains, on the other hand, also have the effect consistent with the previous deformation potential theory, with the compressive increasing the band gap (536 to 529 nm) and vice versa (536 to 550 nm). The PL spectra for the tensile strain show an additional "shoulder" to the left of the main peak and we attribute it to the possible delamination and damage to the film when stretched. The result of the bending test is further quantitatively studied as shown in Figure 4 (c) where the modelling curve and the experimental data are present. We may see that while both data points fit qualitatively the theoretical value, the tensile strain matches pretty well and the compressive strain deviates quite far away. We believe that, in the case of a large compressive strain, PbI 2 may buckle up and do not follow completely the curvature of the PDMS stamp and thus experiencing a much smaller strain. Both the buckling in the compressive state and the delamination in the tensile state are consistent with the "soft nature" of the material itself. Also, at relatively large strain value, the deformation potential theory may be less accurate, since the theory is a linear approximation for a small amount of strain at the vicinity of the original band gap. Finally, to confirm the existence of compressive strain of the VDW epitaxial PbI 2 flake, Raman characterization was performed. Figure 4(d) shows the Raman spectrum of the thinner (110 nm) and thicker (400 nm) flakes and also the powder precursor, all of which show two peaks at Raman shifts at around 167 cm À1 and 213 cm
À1
. The first peak is assigned to the 2Eg vibration mode while the second one to the 4Eu peak according to the previous study, 40 with the former one being more of interest to the present study since it is related directly with the shearing motion of the I-Pb-I bonds. 41 The spectrum shows as visible red shift from 165 cm À1 to 169 cm À1 as the thickness decreases, which implies a more rigid vibration and hence shorter I-Pb-I bond length and a possible compressive strain. The second peak, the 4Eu mode is associated with the motion of the two iodide atoms in the z axis compared with the Pb atom, 41 which from the spectrum has very slight change that is also consistent with our hypothesis.
In conclusion, by studying single crystalline soft PbI 2 crystal through VDW epitaxy, we demonstrate that through the deformation potential theory that linearly (when perturbation is small) correlates the strain and the shift of band gap, thickness-dependent VDW epitaxial strain can be significant (as high as 1.1%) and substantially influence the photoluminescence properties of the hosted film with a low Young's modulus and heavy atomic masses. Our results suggest a possible approach to modifying the electrical, optical, and possibly magnetic properties of 2D thin films grown by VDW epitaxy. J. S. and Y. W. were supported by J.S.'s start-up fund from Rensselaer Polytechnic Institute and National Science Foundation under Grant No. CMMI 1550941.
